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a bigger increase in albumen mass rather than the yolk or shell (Hill,1995; Deeming 2007) .
30
Intra-clutch variation in egg composition appears to be small although within a clutch the first 31 egg laid tends to have a higher proportion of albumen (Romanoff and Romanoff, 1949) . For 32 many bird species between-clutch variation in egg composition is the greatest between 33 individuals. For example, 50-80% of the variation in the composition of duck eggs is related 34 to the female that laid them (Rohwer, 1986; Hepp et al., 1987; Flint and Grand, 1999) . In 35 addition, variation in albumen mass is also explained more by between-female differences 36 than by differences among eggs in yolk mass (Rohwer, 1986; Hepp et al., 1987) . How can all 37 of this variation in egg composition be explained in terms of the mechanism of egg 38 production?
39
The physiological and biochemical processes of ovulation, fertilisation and then deposition 40 of the albumen proteins, shell membranes and the calcitic shell are well described, at least in 41 poultry species (Gilbert, 1971; Palmer & Guilette, 1991) , but there are still aspects of these 42 processes that are unclear.
43
Whilst the process and timing of yolk production is relatively well understood (e.g.,
44
McIndoe , 1971; Grau, 1982; Astheimer and Grau, 1985; Astheimer, 1986; Warham, 1990) 45 the same is not true for the deposition of albumen. The synthesis and the process of secretion 46 of albumen proteins are well described (see Gilbert, 1971; Edwards et al., 1976; Palmer and 47 Gillette, 1991) but the mechanisms that control the secretion, and in particular, the quantity of 48 yolk of the combined masses of the two yolks and will be much greater than in a single-74 yolked egg. However, in the fowl, production of a single-yolked egg uses approximately two-75 thirds of the available proteins in the magnum wall (Edwards et al., 1976) and it is predicted 76 that double-yolked eggs can only obtain approximately 50% more albumen than in a single-77 yolked egg. 
MATERIALS AND METHODS

83
Eggs were collected from semi-domesticated pheasants reared on a commercial game farm 84 during the spring of 2010. Half of the eggs were large and assumed to be double-yolked, 85 which, on opening, proved to be the case. The other half were of a size range typical for 86 pheasant eggs. In the laboratory, the maximum length (L) and breadth (B) of each egg was 87 measured using electronic callipers to 0.01 cm prior to weighing to the nearest 0.1 g. As the 88 eggs were not freshly laid, a small hole was made in the blunt of the egg and water was 89 introduced into the air space using a pipette to fill the air space within. The egg was then re-90 weighed to determine the initial egg mass (IEM, g) as described by Rahn et al. (1976) . The 91 egg was opened around the blunt end using curved forceps to expose the contents. For single-92 yolked eggs, the yolk was separated from the albumen and weighed to the nearest 0.1 g. For 93 double-yolked eggs the two yolks were abutted with no albumen between them (Type I 94 described by Romanoff and Romanoff, 1949) . They were first removed from the surrounding 95 albumen before being manually separated prior to weighing to determine the mass of each 96 yolk (to the nearest 0.1 g). If the yolk was broken during separation from the albumen or 97 from each other the egg was discarded. For all eggs, the shell was dried with a tissue and 98 Double-yolked eggs were longer and broader than single-yolked eggs, although the 124 proportional increase in mean length over that of single-yolked eggs was greater than the 125 increase in mean breadth (1.21 times versus 1.11 times, respectively). This meant that the 126 ratio of length to breadth (L/B) was significantly greater in double-yolked eggs (Table 1) . (Figure 4 ). All the slopes of the lines shown in Figure 4 are significantly different 150 from each other (Table 2) .
151
Double-yolked eggs had significantly more albumen mass than single-yolked eggs but 152 this formed a significantly smaller proportion of their IEM (Table 1) . Regression analysis 153 showed that, for a given IEM, albumen mass in double-yolked eggs was less than predicted 154 on the basis of the regression relationship for single-yolked eggs with almost all values 155 falling well below the 95% confidence interval around the extrapolated regression (Figure 3; 156 Table 2 ). The slope for the relationship between IEM and AM was significantly smaller for 157 double-yolked eggs than for single-yolked eggs ( Table 2) . ANCOVA for AM showed 158 significant effects of the number of yolks as a fixed factor, the yolk mass as a covariate and 159 the interaction of these factors. Therefore, when analysis was controlled for yolk mass there 160 were significant effects of number and mass of yolks on albumen mass.
161
There was a significant positive correlation between yolk mass and albumen for the The two yolks in the doubled-yolked eggs were abutted in a manner comparable to Type I 173 Insert 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Romanoff and Romanoff (1949) , who suggested that such yolks come together 174 prior to the magnum. This interpretation is supported by the fact that the two yolks had no 175 albumen between them and were of comparable size with the smaller yolk being on average 176 93% of the largest yolk. This suggests that the second yolk was next in the ovulation 177 sequence, was released from the ovary prematurely and entered the infundibulum closely 178 behind the first yolk.
179
Composition of single-yolked eggs was comparable to published values (Kirikçi et al., 180 2005). However, contrary to prediction, double-yolked pheasant eggs did not have a 181 composition that was simply associated with the greater amount of yolk present. Instead, 182 albumen mass was increased together with an increase in shell mass, but both had reduced 183 values compared with those predicted on the basis of the relationship for a single-yolked egg 184 of the same IEM (Figures 2 and 3, respectively) . The quantity of albumen in the doubled-185 yolked eggs showed no correlation with the mass of the larger yolk or the combined yolk 186 masses ( Figure 5) . Moreover, the mass of additional albumen, compared with that expected 187 from the largest yolk mass, was around one third of that in a single-yolked egg rather than the 188 50% predicted from data for fowl eggs (Edwards et al., 1976) .
189
For double-yolked eggs, the mass of the two yolks can be explained by premature 190 ovulation of the second yolk, which then travels down the oviduct with the first yolk to be 191 ovulated. The calcitic shell is deposited on the external surface of the outer shell membrane 192 deposited in the isthmus and its size is presumably a function of the combined quantities of 193 yolk and albumen proteins deposited in the magnum (Sparks and Board, 1991) . Therefore, 194 the mass of the shell in double-yolked eggs is simply a reflection of the large structure that it 195 encloses and shell deposition per unit area does not differ between eggs types. By contrast, 196 the difference in the masses of albumen between the two types of eggs is harder to explain.
197
These results for double-yolked eggs firstly indicate that the avian oviduct is capable of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 secreting considerably more albumen that would be normally expected during typical egg 199 formation, the quantity of albumen in any egg laid by the same bird is not fixed, and 200 secondly, there seems to be an upper limit to the amount of additional albumen mass that can 201 be incorporated into the egg.
202
Albumen is secreted in two discrete processes: the first involves secretion of water-203 soluble proteins from the magnum and the second involves the absorption of water by these 204 proteins during 'plumping' (Gilbert, 1971; Palmer and Guillette, 1991) . The final mass of 205 albumen at oviposition is a function of the amount of water-soluble proteins secreted around 206 the yolk. In the domestic fowl, the yolk spends around 3 h in the magnum (Melek et al. ,  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Neely, 1997) . In double-yolked eggs, the two yolks are abutted against each other when they 224 enter the magnum and, as a consequence, are longer than a single yolk. This means that the 225 yolks will spend more time in the magnum because as the leading yolk enters the isthmus the 226 second yolk is still present. This may lead to a longer period of protein secretion. However, 227 this cannot be sole explanation for the additional secretion of albumen proteins because long 228 daylengths extend the period spent in the magnum by 16%, but only increase the mass of 229 albumen by 4% (Morris, 1973; Melek et al., 1973) . (Edwards et al., 1976) .
237
In double-yolked eggs this process is supplemented by the second yolk that is following 238 close behind the first yolk. In the eggs studied here, because it is of comparable size, the 239 second yolk may present a comparable mechanical stimulus to that presented by the first 240 yolk. As the second yolk moves through the magnum it could stimulate the wall to continue 241 the process of protein secretion at a near normal rate. However, the reserves of protein are 242 such that they are quickly depleted before the second yolk can accumulate a mass of protein 243 equivalent to that secreted for the first yolk. Although it is possible that the second yolk does 244 not provide a comparable mechanical stimulus as the first yolk, the similarity in yolk sizes in 245 this instance makes this unlikely. Accumulation of protein in the magnum takes hours 246 (Edwards et al., 1976) and so it is more likely that the yolks have moved on down the oviduct 247 before more albumen proteins can be manufactured by the magnum wall. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table   358 2). The dashed line indicates the relationship extrapolated from the linear regression for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
